Background: There has been little progress toward personalized therapy for patients with metastatic colorectal cancer (mCRC).
Introduction
Treatment of patients with metastatic colorectal cancer (mCRC) is generally based around chemotherapy consisting of 5-fluorouracil (5-FU) or capecitabine, plus oxaliplatin or irinotecan, plus a targeted agent, e.g. bevacizumab, cetuximab, or panitumumab [1] . Physicians have many treatment options for patients with mCRC, and selecting appropriate regimens for individual patients can be challenging. To date, personalizing treatment applies only to selection of anti-epidermal growth factor receptor drugs based on existence of RAS oncogene mutations [2] . Recommended chemotherapy regimens have substantial activity in most patients; however, many patients experience resistance or excessive treatment-related toxicity. This variability may be related to interpatient differences in genes involved in drug transport, metabolism, signaling, and cellular response pathways [3] .
Previous studies suggest that germline polymorphisms in genes involved in the mechanism of action or metabolism of chemotherapeutic agents may be responsible for variations in patients' response or tolerability [4] . However, most previous studies were retrospective, with the exception of a few prospective studies in which patients were treated in a genotype-driven fashion [5, 6] . Our previous study suggested that patients harboring the TYMS-3 0 untranslated region (UTR) 6 bp ins/ins and ERCC1-118C/T or C/C genotypes might benefit from combining oxaliplatin with capecitabine rather than 5-FU [7] . The aim of the present study was to examine whether assigning first-line chemotherapy based on relevant germline polymorphisms would improve outcomes compared with treating all patients with a standard regimen. The study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines, and was approved by institutional review boards or independent ethics committees at each center. All patients provided written informed consent.
Patients and methods

Study design and patients
Randomization
Between February 2010 and April 2011, patients were randomized 1 : 2 to the control or experimental group. Treatment assignment was through an electronic system integrated in the electronic case report form, which automatically balanced groups.
For the experimental group, treatment was assigned depending on TYMS-3 0 UTR 6 bp ins/del and ERCC1-118C/T polymorphisms. Investigators were informed of treatments by automatically generated e-mails. Polymorphisms were determined for patients assigned to the control group, but these results were not needed before treatment commenced. The investigator still received an automatically generated e-mail.
Randomization is described in detail in the supplementary Appendix, available at Annals of Oncology online.
Treatments
Patients assigned to the control group received bevacizumab 7.5 mg/kg on day 1 with XELOX. Patients assigned to the experimental group received different schedules according to the number of TYMS-3 0 UTR 6 bp ins/del and ERCC1-118C/T favorable genotypes as previously described [7] (supplementary Table S1 , available at Annals of Oncology online). Briefly, we considered TYMS-3 0 UTR ins/del and del/del to favor treament with 5FU, ins/ins genotype to favor capecitabine, ERCC1-118T/T to favor oxaliplatin and C/T or C/C genotypes to favor irinotecan. Accordingly, patients with favorable genotypes for FUOX received bevacizumab 5 mg/kg on days 1, 15, and 29 with FUOX [8] . Patients with no favorable polymorphisms received bevacizumab 7.5 mg/kg on day 1 with XELIRI. Patients with TYMS-3 0 UTR 6 bp ins/ins and ERCC1-118T/ T genotype received the same treatment as the control arm. Patients with TYMS-3 0 UTR 6 bp ins/ins and ERCC1-118C/T or C/C genotype received bevacizumab 5 mg/kg on days 1, 15, and 29 with FUIRI [9] . Further detail can be found in the supplementary Appendix, available at Annals of Oncology online.
Treatment continued until disease progression, unacceptable toxicity, or patient withdrawal.
Outcomes
The primary end point was progression-free survival (PFS). Secondary end points included overall survival (OS), overall response rate (ORR; assessed using RECIST Version 1.1), proportion of patients whose disease became resectable, adverse events, and evaluation of KRAS exon 2 mutation status as a molecular prognostic marker. Toxicity was assessed using National Cancer Institute Common Toxicity Criteria for Adverse Events (Version 3.0). Adverse events were assessed at each cycle and every 12 weeks during the study follow-up. In patients treated with FUOX and FUIRI, hematology, biochemistry, and urinalysis assessments were carried out every 2 weeks.
Statistical analysis
It was estimated that the difference between groups for PFS would be statistically significant if, when 50% of patients in the control group had disease progression, 65% of patients in the experimental group had no disease progression. The maximum permitted error was considered to be a ¼ 0.05 (unilateral contrast, assuming that the efficacy was greater in the experimental group) and b ¼ 0.2 (80% power). Based on these assumptions, 171 patients (57 in the control group and 114 in the experimental group) were needed, assuming a 5% drop-out rate. We planned to include 180 patients. Further detail is provided in the supplementary Appendix, available at Annals of Oncology online.
The study was registered with ClinicalTrials.gov (NCT01071655).
Results
Baseline and genotype data
Of 202 patients enrolled, 195 were randomized ( Figure 1 ). Baseline characteristics were generally balanced between the two groups (Table 1) ; we found no statistically significant differences between the groups in baseline characteristics (data not shown). Supplementary Table S1 , available at Annals of Oncology online, shows the distribution of genotypes and assigned treatments in the experimental arm. Frequencies of TYMS-3 0 UTR ins and del alleles were 0.68 and 0.32, respectively; frequencies of ERCC1-118T and C alleles were 0.57 and 0.43, respectively. Genotype frequencies were TYMS ins/ins 50%, ins/del 37%, and del/del 13%; ERCC1-118T/T 35%, C/T 45%, and C/C 21%.
Overall, 40% of patients in the control group and 51% of patients in the experimental group withdrew from the study for reasons other than disease progression or adverse events (Figure 1) . Patients in the control group received a median of nine treatment cycles; those in the experimental group received a median of six cycles (NS). Dose intensities were lowest for bevacizumab þ FUOX and bevacizumab þ FUIRI (supplemen tary Table S2 , available at Annals of Oncology online). Fifty of 65 patients in the control group (77%) and 94 of 130 (72%) in the experimental group received second-line treatments.
PFS and OS analysis
The primary end point was not met; after a median follow-up of 18 months (range 1.1-41.7 months), median PFS was similar in both groups {9.4 months [95% confidence interval (CI) 6.8-12.1 months] in the control group versus 10.1 months (95% CI 8.5-11.6 months) in the experimental group; hazard ratio (HR) 0.942; 95% CI 0.657-1.351; P ¼ 0.745; Figure 2A} . Median OS was numerically lower in the control group (16.5 months; 95% CI 13.7-19.4 months) than in the experimental group (19.1 months; 95% CI 15.5-22.7 months; HR 0.956; 95% CI 0.678-1.348; P ¼ 0.798; Figure 2B ). In line with our previous findings [7] , we did not expect to observe a survival difference in the control group when patients were stratified according to genotype. Indeed, no statistically significant differences in PFS and OS according to genotype were found in the control group (supple mentary Figure S1 , available at Annals of Oncology online).
Response rate and R0 surgery
A total of 161 patients were evaluable for response ( Table 2 ). The ORR was significantly higher in the experimental group than in the control group (P ¼ 0.042). When confirmed responses alone were considered, the same trend was observed ( (5) 18 (14) 8 (6) 15 (12) 20 (15) 1 (1) 2 (2) 9
Discontinued: Twenty-two of 130 patients (17%) in the experimental group and 16 of 65 (25%) in the control group had surgical resection of metastases during or after the study (P ¼ 0.250). Eleven patients had rescue surgery twice; three patients had three rescue surgeries. The R0 resection rate was statistically significantly higher in the experimental group than in the control group (P ¼ 0.018; Table 2 ). The most common resection sites were the liver and lung.
Additional genetic analysis
Ninety-seven tumor specimens were available for tumor and blood TYMS-3 0 UTR 6 bp ins/del genotyping. We found 100% concordance between tumor and blood results in the 62 homozygous samples. However, results for 23 of the 35 (66%) heterozygous blood samples did not agree with the corresponding tumor sample, as previously described [10] . This disagreement was total in four cases (17%) and partial (one of the alleles was partially lost but still present) in 19 cases (83%) (supplementary Figure S2 , available at Annals of Oncology online). According to tumor genotyping, only two patients in the experimental group received the wrong treatment regimen.
Information regarding KRAS mutations in exon 2 codons 12 and 13 was available for 164 patients (84%): 58 of 65 patients (89.2%) in the control group and 106 of 130 patients (81.5%) in the experimental group. KRAS mutations were present in 27 patients (47%) in the control group and 42 patients (40%) in the experimental group. KRAS mutation status had no impact on any of the clinical variables studied (data not shown).
UGT1A1*28 polymorphism genotyping in the 75 irinotecantreated patients was: UGT1A1*1/*1, n ¼ 31 (41%), UGT1A1*1/ *28, n ¼ 33 (44%), and UGT1A1*28/*28, n ¼ 11 (15%). Allelic frequencies for UGT1A1*1 and UGT1A1*28 alleles were 0.63 and 0.37, respectively, in agreement with Spanish population data [11] . The association between genotype and outcomes is summarized in supplementary Table S3 , available at Annals of Oncology online. PFS and OS were worst in patients with the UGT1A1*28/*28 genotype according to codominant and recessive analyses. Repeating the PFS analysis without these patients did not affect the differences between the control and experimental groups (data not shown). An additional analysis of UGT1A1*28 polymorphism in patients who did not receive irinotecan was carried out. When patients were stratified by UGT1A1*28 polymorphism no statistically significant association with toxicity or efficacy outcomes was observed (data not shown).
Toxicity
Adverse events are summarized in supplementary Table S4 , available at Annals of Oncology online. Neuropathy, hand-foot syndrome, thrombocytopenia, and dysesthesia were significantly less frequent in the experimental group (all P < 0.05 versus the control group); diarrhea was numerically more frequent in the experimental group (P ¼ 0.074). Grade 3 diarrhea was significantly more frequent in the experimental group (P ¼ 0.005); grade 3 neuropathy was significantly more frequent in the control group (P ¼ 0.032). The UGT1A1*28/*28 genotype was significantly associated with a higher incidence of severe diarrhea in patients treated with irinotecan (supplementary Table S3 , available at Annals of Oncology online).
Discussion
Although combinations of fluoropyrimidines with oxaliplatin or irinotecan remain the backbone of mCRC treatment, oncologists do not currently have effective tools to help choose the most suitable first-line schedule [12] . For the first time, to the best of our knowledge, standard treatment with bevacizumab plus XELOX has been compared with treatment tailored by TYMS-3 0 UTR 6 bp ins/del and ERCC1-118C/T polymorphisms in mCRC patients in a multicenter randomized phase II study. We demonstrated that this approach is feasible and applicable to clinical practice as patients were randomly assigned to treatment according to genotyping within 3 days of phlebotomy.
The primary study end point-difference in PFS-was not met; although we observed a 3-month difference in OS in favor of tailored treatment, this was not statistically significant. There were no genotyping errors, and genotype and allelic frequencies were in Hardy-Weinberg equilibrium. Therefore, other possible explanations for these results should be considered. Importantly, 27% of patients in the experimental arm withdrew, citing patient or investigator's decision as their reason. This may have affected outcomes in the experimental arm if subsequent treatment was not optimal for the patient. Although not all responses were confirmed as some patients underwent surgery, the trend toward better RR and higher rate of conversion surgery, together with statistically significant differences in unconfirmed treatment response, reinforces this hypothesis.
The impact of bevacizumab should also be considered. Unlike our earlier study [7] , the present study was designed after approval of bevacizumab for patients with mCRC; consequently, bevacizumab was included in treatment regimens. Reported interaction of genetic variants in VEGF and TYMS and influence of SHMT1 gene variants [13, 14] suggest that addition of bevacizumab could have affected the study results. This warrants further investigation.
We also investigated whether loss of heterozygosity (LOH) or UGT1A1*28 polymorphism affected our results. TYMS LOH frequency was similar to previous reports [10, 15] . Tumor genotyping revealed that only two patients in the experimental group received the wrong treatment, suggesting that LOH was unlikely to have affected our results. Irinotecan-treated patients with UGT1A1*28/*28 genotype had worse PFS than those with UGT1A1*1/*28 or UGT1A1*1/*1 genotypes. Only 11 of 130 patients had the UGT1A1*28/*28 genotype, which appeared to have little effect on PFS, as suggested by the PFS analysis excluding patients with the UGT1A1*28/*28 genotype.
A significant benefit for tailored treatment was observed in ORR and R0 surgery rates. R0 surgery is considered a good prognostic factor but no predictive markers are available to tailor neoadjuvant treatment before resection of metastases. Despite the reasonable caution needed in assessing results regarding secondary end points, patients whose liver metastases cannot be operated on at treatment outset may benefit from an approach such as we have described. Improving response rates and R0 surgery rates in these patients can dramatically improve their chance of surviving beyond 5years.
Toxicities were as expected: the overall incidence of neurotoxicity in the experimental group was lower than in the control group, and the incidence of diarrhea was higher in the experimental group than in the control group. Neurotoxicity is chronic and causes varying degrees of functional impairment, whereas diarrhea is generally acute and has no sequelae. Therefore, tailoring treatment may reduce disabling toxicity while at least maintaining pharmacological activity, as demonstrated by the similar survival in both arms and better R0 resection rates in the experimental group. Furthermore, the higher incidence of severe diarrhea in patients with UGT1A1*28/*28 genotype who received irinotecan confirms previous results [16] [17] [18] , highlighting the importance of assessing this polymorphism to avoid severe toxicity.
Some limitations should be considered. Serum samples were not analyzed for cell-free tumor DNA as the study was designed before evidence for the prognostic value of such analyses became available. This technique may allow identification of variability in response due to the tumor genome, complementary to information provided by examination of germline polymorphisms.
Conclusion
In conclusion, the results of this study suggest that prospective first-line treatment selection according to TYMS-3 0 UTR 6 bp ins/ del and ERCC1-118C/T polymorphisms in patients with mCRC does not improve TTP or OS. However, we showed this approach to be feasible and applicable to clinical practice. Promising ORR and R0 surgery rates in the experimental arm, without compromising toxicity, combined with possible logistical reasons for lack of significant difference in PFS, provide the rationale for continuing to investigate how best to select treatment according to germline variations and improve survival in patients with mCRC.
